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Continuous cyclic load reduces proteoglycan release from
articular cartilage
By Peter A. Torzilli and Rita Grigiene
Laboratory for Soft Tissue Research, The Hospital for Special Surgery, Affiliated with Cornell University
Medical College, 535 East 70th Street, New York, New York 10021-4892, U.S.A.
Summary
Objective: To study the effect of a continuous cyclic mechanical load on the release of newly synthesized proteoglycans
(PGs) from mature bovine articular cartilage.
Methods: Viable cartilage explants were continuously loaded with 1 MPa cyclic stress at 1 Hz frequency for 24 h,
and the release of labeled (35SO4) PGs measured before, during and after application of the compressive load. To
separate the effect of active chondrocyte catabolism from that of passive PG release, PG release in live explants, with
and without protease inhibitors to inhibit PG breakdown, was compared to PG release in explants whose chondrocytes
were killed prior to loading.
Results: In live explants, a continuous cyclic load significantly reduced PG release by as much as 50% compared
to unloaded explants. In killed explants which were unloaded, the PG release increased five to 10 times, while a cyclic
load reduced PG release to that found in viable, loaded explants. Twenty-four hours after load removal PG release
in all loaded explants returned (increased) to that of the unloaded explants.
Conclusions: These results indicate that PG release from the cartilage matrix is inhibited by continuous cyclic
mechanical loading, independent of cellular metabolism, and suggest that a primary mechanism for reducing PG
release is by decreasing the interstitial porosity through which the PGs can escape.
Key words: Articular cartilage, Cyclic load, Proteoglycan release, Metabolism.
Introduction
The articular cartilage in movable joints is
subjected to continuous repetitive loading during
the daily activities of life. These loads can be
substantial, such as during manual labor or
athletic activities. The proteoglycan (PG) com-
ponent of the extracellular matrix, held within the
cartilage by the collagen fibril network, resists
compressive loads and provides the cartilage with
intrinsic stiffness. In healthy tissue, PG content
remains fairly constant (hemostatic). Normal PG
release or loss from the matrix, resulting from
catabolism of the PG macromolecule and sub-
sequent transport through the articular surface, is
balanced by PG biosynthesis. Increased PG release
and concomitant matrix softening is characteristic
of degenerative joint disease (osteoarthritis) [1,2].
Thus, determining the biological and mechanical
conditions which affect retention and loss of PG is
important for understanding normal function and
how these conditions might be modified to prevent
abnormal PG release.
Increased PG release from cartilage occurs with
increased levels of IL-1 [3] and prostaglandins [4,5],
load deprivation [6], strenuous exercise [7], and
joint instability [8–10]. However, the exact role of
joint compressive loads in maintaining PG content
is not well understood. In explant culture systems,
short-term static and long-term intermittent loads
of very low frequency ( Q 1 Hz) enhanced PG re-
lease [11], long-term static load reduced PG release
[11], while faster intermittent loads (0.2–0.3 HZ)
had no effect [12–14]. No one has studied the affect
of a continuous cyclic compressive load on PG
release. Nor has anyone tried to separate the
effects of chondrocyte catabolism and mechanical
load.
To study the effect of a continuous cyclic load on
PG release, we used a mechanical explant test
system (METS) [15] to load full-thickness cartilage
explants and to measure release of newly sythe-
sized PGs. We hypothesized that long-term cyclic
loading would increase PG release from the matrix
concomitant with water loss as the matrix com-
pressed. We further hypothesized that by killing
the tissue prior to loading the PG release would be
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increased due to increased matrix porosity follow-
ing chondrocyte death and enzyme degradation of
the PG macromolecule [16]. To our surprise this
did not happen, but rather there was a significant
reduction in PG release independent of catabolic
activity. Our data suggest that the mechanism
responsible for the cyclic load induced reduction in
PG release is purely a mechanical one due to a
decrease in explant surface area and interstitial
matrix porosity.
Materials and Methods
chemicals
All chemicals were purchased from Gibco
(Grand Island, NY, U.S.A.) unless otherwise
specified. Culture medium consisted of Dulbecco’s
modified Eagle’s medium (DMEM, 4.5 g/l glucose
and 0.58 g/l l-glutamine), 10% fetal bovine serum,
50 mg/ml fresh ascorbic acid (Sigma, St. Louis, MO,
U.S.A.), 1% Hepes buffer solution (2.383 g/l), 1%
antibiotic-antimycotic solution (100 units/ml peni-
cillin G sodium, 100 mg/ml streptomycin sulfate,
0.25 mg/ml amphotericin B as Fungizone in 85%
saline), and 1% l-glutamine solution (292.3 mg/ml).
Protease inhibitor (PI) solution specific to PG
consisted of pepsitatin (0.05 mm), leupeptin
(0.07 mm), orthophenantroline (3 mm), phenyl-
methyl sulfonyl (5 mm), iodoacetamide (5 mm), and
benzamide hydrochloride (5 mm). Scintillation
fluid and radiolabeled sulfate (Na35SO4, 500 mCi/
mg) were purchased from NEN Research Products
(Boston, MA, U.S.A.). Papain (25 mg/ml) was
purchased from Sigma.
specimen preparation
At the time of death, full-thickness strips
( 0 1 mm thick · 20 mm wide · 100 mm long) of
articular cartilage were harvested from the
weight-bearing area of the occipital joint of mature
bovine ( 0 2 years old). These strips were excised
from the subchondral bone using a knife and 4 mm
diameter specimens (explants) removed using a
biopsy punch (S.M.S., Columbia, GA, U.S.A.). The
specimens were washed three times for 30 min each
in a media containing 10% antibiotics, and then
incubated in culture media for 7 days, one
specimen to a well, at 37° C and 95% humidity. The
media was changed every other day.
proteoglycan release
Prior to loading, the specimen’s newly syn-
thesized PGs were labeled with 35S-sulfate (10 mCi/
ml) for 72 h, and then washed in fresh medium for
24 h (two 60-min washes plus 22 h incubation) to
remove free label (see Fig. 1). These washings were
discarded. The specimens were then randomly
separated into two groups (N = 10), cultured for
another 24 h, and the media saved. The PG release
from the explant during this 24 h period (35S-la-
beled PGs in media; termed ‘before loading’ PG
release) was used as a measure of the normal
(baseline) PG release, and verified that all explant
groups had equivalent PG release prior to loading.
Then the explants were loaded for 24 h and the
media saved (termed ‘during loading’ PG release).
As described below, some specimens were un-
loaded for an additional 24 h, and the media saved
(termed ‘after loading’ PG release). At the end of
the test the specimens were digested with papain
(0.2 mg/ml, 68° C, 24 h) and the digests and media
counted. The PG release per 24 h period (before,
during and after loading) was calculated as the
percentage of total PGs synthesized (sum of PGs in
digested explant and media).
mechanical loading
The specimens were loaded mechanically in
unconfined compression using a mechanical ex-
plant test system (METS) consisting of two
10-chamber loading fixtures in an incubator. Full
details of the METS have been reported previously
[15]. Briefly, the loading fixture consists of a base
plate (surgical grade titanium) containing 10
chambers, each with a 6.35 mm diameter hole, and
a cover plate (titanium) with 10 air cylinders to
Fig. 1. Experimental design to measure PG release in the
24 h interval before load application (96–120 h), during
cyclic loading (120–144 h) and after the load is removed
(144–168 h). The newly synthesized proteoglycans are
labeled with 35SO4 for 3 days (0–72 h), and the free 35SO4
discarded after triplicate washes (72–73 h, 73–74 h,
74–96 h). The media is removed and counted at 120 h,
144 h and 168 h.)
Cover plate
Air vent
Air cylinder
Porous
platen
Explant
Base
plate
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Fig. 2. Diagram of one chamber of the mechanical
explant system. The cartilage explant is placed into the
base plate well with its articular surface up; culture
media is added to fill the well and the explant cyclically
loaded by the porous platen attached to the air cylinder.
Each test system contains ten chambers.
in specimens which were freeze-killed prior to
loading, to stop metabolism.
The specimens were separated into the following
four treatment groups: (1) alive specimens, with
normal chondrocyte metabolism (anabolic and
catabolic) and passive PG degradation; (2) alive
specimens incubated with protease inhibitors
(PIs), that is, cell metabolism but no PG
degradation; (3) killed specimens, having passive
PG degradation but no cell metabolism; and (4)
killed explants incubated with PIs, that is, no cell
metabolism nor PG degradation. The PIs were
added to the media 2 h before loading or
freeze-killing. Freeze-killing was performed just
prior to loading by immersing the specimen three
times in liquid nitrogen (confirmed using 35S-
autoradiography).
data analysis
Specimen wet and dry weights were measured
using an electrobalance (Cahn Instruments,
Cerritos, CA, U.S.A.), with dry weight measured
after lyophilization for 24 h. Total sulfate incorpor-
ation rate during the 72 h labeling period was
calculated as the sum of the PG contents in the
explant and media samples, neglecting the wash
media (Fig. 1), and normalized to the wet weight
(pmole/mg wet weight-h). Water content was
calculated as the difference between the wet and
dry weights.
Since only 20 explants could be loaded at once,
multiple tests were performed, either in duplicate
or triplicate, and the data pooled. For each
treatment group, means 2 standard deviations
were calculated for PG release and water content.
Repeated measures analysis of variance (ANOVA)
statistical methods were employed for multiple
comparisons [17]. The Student–Newman–Keuls
statistical test was used to evaluate for differences
within treatment groups for different time periods
(i.e., before, during and after loading). When
appropriate, the two-tailed Student’s t-test was
used to test for differences between treatment
groups for the same time period (e.g., alive vs.
killed) using unpaired-data sets. Significance was
determined at the a = 0.05 level for all tests. For
graphical presentation, the data is plotted as the
mean 2 standard error of the mean (s.e.m.).
Results
Application of a continuous cyclic load (1 MPa
at 1 HZ for 24 h) significantly reduced PG release
under all test conditions, whether the cartilage
was viable or not, or with the addition of PI.
which porous (35 mm porosity), polyethylene plane-
ended (flat) cylindrical load platens (6.35 mm
diameter) are attached using stainless-steel con-
nectors (Fig. 2). Oxygen and CO2 are exchanged
between the incubator and test chamber via the air
vent in the base plate. Before use all components
were sterilized (steam).
Prior to loading the cartilage specimens are
placed into separate chambers with the articular
surface up and the cut bottom surface resting on
the impervious base plate bottom. The articular
surface of the explant was loaded using the porous
load platen attached to the air cylinder. A 1.0 MPa
cyclic compressive stress (0–1.0 MPa peak-to-peak;
sinusoidal waveform; zero offset) was applied to
each specimen at a frequency of 1 Hz for 24 h.
test protocol
Our experimental protocol was designed to
measure PG release from viable cartilage before,
during and after application of a compressive
mechanical stress. In a previous study we had
found that PG biosynthesis (chondrocyte an-
abolism) decreased with application of a cyclic
mechanical load [15]. We hypothesized that load
might also affect proteolytic degradation (chondro-
cyte catabolism) of the PGs. To separate the effects
of active cell metabolism (change in the rates of PG
biosynthesis and degradation), passive degra-
dation (enzymatic), and mechanical transport on
PG release, we performed a series of studies using
enzyme inhibitors to stop passive PG degradation
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Chondrocyte viability or the use of PI had no effect
on explant water content (0.750 + 0.048, N = 109).
alive explants
In unloaded, viable (alive) explants PG release
ranged from 2–6% per day for the 3 days sampled
(Fig. 3). Compared to PG release during the first
24 h time interval, the rate of PG release per total
initial PG content decreased (P Q 0.05) during the
subsequent two 24 h periods (34 and 50%,
respectively). Loading the specimens significantly
reduced PG release compared to PG release before
loading began (75–80%) and PG release in
unloaded specimens for the same 24 h time period
(Fig. 3 and 4). After load removal the PG release
increased, returning approximately to the level
found in unloaded specimens (Fig. 3).
killed explants
In unloaded specimens, freeze-thaw killing of
chondrocytes significantly increased PG release
compared to alive specimens (before and during
comparisons: 168.5 and 255.4%, and 202.6 and
303.3%, respectively, Fig. 3 and 5). Application of
a compressive load reduced PG release to 53.4 and
37.3% of the release in unloaded, alive specimens
in the previous (before) 24 h time period, and to
31.7 and 14.6% in the same (during) time period
(Fig. 3 and 5, respectively). In the 24 h period after
loading, PG release in unloaded, killed explants
Fig. 4. The effect of protease inhibitors (PI) on
proteoglycan release (q) before and (Q) during cyclic
loading for 24 h intervals in alive explants. While PI
decreased PG release in unloaded specimens, its effect
was not as great as that found with cyclic loading. N = 10
for each group. P Q 0.05, before vs. during loading, all
data.
returned to that of alive explants, while PG release
in loaded, killed explants increased (2 · ) to the
level of release before loading. These dramatic
changes in PG release between alive and killed
explants were a consequence of the viability of the
chondrocytes and the loading condition applied,
and not the total amount of newly synthesized PGs
as all treatment groups were found to have equal
amounts of labeled (radioactively tagged) PG (data
not shown).
Fig. 5. The effect of protease inhibitors (PI) on
proteoglycan release (q) before and (Q) during cyclic
loading for 24 h intervals in killed explants. The
addition of PI significantly reduced the increased PG
release in unloaded killed specimens. However, cyclic
loading caused a significant decrease in PG release as
compared to the alive and killed unloaded explants, with
or without the addition of PI. N = 10 for each group.
P Q 0.05, before vs. during loading, all data.
Fig. 3. Proteoglycan release (q) before, (Q) during and
(+) after loading for 24 h intervals in alive (viable) and
killed explants. As compared to the unloaded alive
explants, cyclic loading of alive explants caused a
significant decrease in PG release. Killing the explants
resulted in a large increase in PG release. However, a
cyclic load significantly reduced the PG release. After
the load was removed the PG release increased. N = 8 for
each group. P Q 0.05, (*) before vs. during loading; (**)
during vs. after loading; (***) before vs. after loading.
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effect of PIs
The addition of PIs significantly reduced PG
release in unloaded alive and killed specimens
(49.0 and 73.5%, respectively, Fig. 4 and 5). The
presence of PI had no effect on the reduction in PG
release due to loading in either the alive or killed
specimens (Fig. 4 and 5, respectively). However,
loading itself further reduced PG release in PI
treated alive and killed specimens by 49.1 and
59.3%, respectively.
Discussion
Increased PG release can result from an im-
balance in metabolism (anabolism Q catabolism),
structural damage to the collagen network
(increasing tissue porosity), and possibly by
excessive mechanical loads (convective fluid flow).
Previous studies have demonstrated increased PG
release from static and intermittent loads [11–14].
Our experimental protocol was designed to test the
hypothesis that a cyclically applied compressive
load would also cause increased PG release,
independent of chondrocyte metabolism. We
hypothesized that deformation-induced fluid exu-
dation would drag newly synthesized PGs out of
the matrix. To test this hypothesis, we applied a
continuous, cyclic compressive stress (1 MPa,
1 Hz) for 24 h. PG release was measured by first
radioactively labeling the newly synthesized PG
macromolecules, measuring labeled PG release
into the media before loading, during loading and
after load removal, and comparing the amount of
PG released to the release measured in unloaded
specimens during the same 24 h time intervals (i.e.,
before, during and after loading). To preserve the
chondrocytes’ catabolic degradation of the PGs,
which might change during loading and effect PG
release, viable cartilage explants were used.
However, to study only the effect of the mechanical
load on PG release independent of chondrocyte
catabolism we blocked the cells’ enzymatic
degradation of the PGs by including PIs in the
incubation media before loading. Furthermore, we
eliminated the chondrocytes’ metabolic processes
by killing the cells before loading but after the
addition of PIs. Finally, to maximize PG release
and eliminate chondrocyte metabolism (PG biosyn-
thesis and degradation), the cells were killed
before loading without the inclusion of protease
inhibitors.
Surprisingly, no matter what the conditions
imposed the application of a 24 h continuous cyclic
load significantly reduced PG release from the
matrix. This occurred in live and killed cartilage,
Fig. 6. Relative cumulative PG release during and after
cyclic loading for the alive and killed explants from Fig.
3. The PG release in each 24 h time interval (before,
during, after) was pooled and normalized to the PG
release before loading. Note that 24 h of cyclic loading
suppressed the PG release below that of the unloaded
specimens. This is especially dramatic for the killed
explants. Twenty-four hours after load removal the
cumulative PG release is still below the unloaded
specimens. (W) Alive unloaded; (Q) alive loaded; (R)
killed unloaded; (T) killed loaded.
with or without the addition of protease inhibitors.
A plot of cumulative PG release clearly demon-
strates the cyclic load-induced reduction in PG
release (Fig. 6). During cyclic load application,
PG release was reduced in live and killed explants
by a similar amount (69.3 and 68.3%, respectively).
After the load was removed, however, the
PG release increased, especially for the killed
explants.
Our results differ from those reported by Sah
et al. [11], who measured increased PG release
with 2 h static and 24 h intermittent (2 h on/2 h off)
load, and van Kampen and colleagues [12–14], who
used an intermittent load (1.5 s on/1.5 s off) for 7
days and found an increase in PG release only after
partial PG removal. We believe these differences
can be attributed to differences in the ages of the
animals, the location from where the tissue was
harvested, the test configuration used, and the
loading conditions imposed.
Sah et al. [11] loaded discs (1.25 mm thick · 3 mm
diameter) of immature calf cartilage, cut from the
middle zone, between two impermeable platens in
unaxial unconfined compression, while van
Kampen and colleagues [12–14] loaded immature
and mature whole bovine sesamoid bones using a
contoured impermeable platen. In contrast, we
performed uniaxial unconfined compression tests
by loading the articular surface of full-depth discs
(1 mm thick by 4 mm diameter) of mature bovine
cartilage with a permeable platen, while the cut
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subchondral bone surface rested on an imperme-
able platen. In addition, Sah et al. [11] compressed
the tissue by applying static and intermittent
strains (displacement mode) of 20, 40 and 60% at
4.2 · 10 - 3 Hz, van Kampen and colleagues [12–14]
applied an intermittent stress (load mode) of 1 MPa
(estimated) at 0.3 Hz, and we applied a continuous
cyclic stress of 1 MPa at 1 Hz (sinusoidal wave-
form). These are significant differences (tissue
type, platen permeability, loading rate) which can
influence the tissue’s interstitial water movement,
deformation and PG release.
We believe our test configuration simulates the
in-situ conditions cartilage experiences during
normal joint function. As cartilage is compressed
by joint loading, the tissue’s interstitial fluid is
forced radially out of the matrix through the
articular surface and tangentially through the
matrix away from the area of contact [18]. Of
course, no fluid flow occurs across the impermeable
calcified cartilage–subchondral bone interface.
Loading the cartilage disc in uniaxial unconfined
compression with a permeable platen at the
articular surface and an impermeable platen at the
cut surface will generate a similar two-dimensional
fluid flow pattern. One would expect, therefore,
that compared to unloaded tissue, matrix com-
pression would result in increased PG release as
the fluid drags the PGs out of the matrix, both
radially across the articular surface and tangen-
tially through the cut lateral sides. However, as
demonstrated previously [19,20], when loaded the
uppermost superficial tangential zone of articular
cartilage collapses (due to its high water and low
PG contents, and tangentially oriented collagen
fibers) and effectively decreases the surface
porosity and permeability. In addition, as the disc
compresses the circumferential (lateral) area will
decrease proportionately. Thus, PG release should
be reduced as the area, porosity and permeability
for PG and fluid transport (diffusion and convec-
tion, respectively) decreases.
Changes in the specimen’s surface area will have
a significant effect on PG release from the matrix.
As the disc is compressed, the surface area can
decrease or increase depending on the test con-
figuration and the tissue’ mechanical properties,
For instance, in Sah et al.’s test configuration
(unconfined compression with impermeable
platens), a 60% strain reduces the surface area to
18 or 24% of the free swelling area, depending on
the amount of lateral expansion (Poisson’s ratio = 0
or 0.5, respectively), while in ours (one platen
permeable) the area is reduced to only 70% or
increased to 111%, again depending on the lateral
expansion, respectively. These area changes would
again seem to contradict Sah et al.’s and our
findings. However, changes in surface area also
depend on the tissue’s rate of deformation, which
depends on interstitial fluid flow.
Load duration may effect PG release more than
changes in surface area. Compared to free swelling
specimens, Sah et al. [11] found increased PG
release after 2 h of static compression (72% release
at 60% strain) but a decrease after 12 h (60%). They
reported that compression-induced fluid exudation
forces the PGs out of the tissue immediately after
matrix compression (fluid flow was 90% completed
within 0 15 min), while at longer times the matrix
becomes compacted and impedes PG diffusivity.
Thus, during 2 h of static loading the fluid-induced
component ( 0 12.5%) is relatively large compared
to the matrix compaction component, resulting in
a net increase in PG release, while after 2 h (to
12 h) the fluid-induced component (2.1%) is
relatively small, resulting in a decrease in PG
release.
The loading regime has also been found to
significantly affect PG release. When an intermit-
tent strain (60%) was applied for 24 h at a low
frequency (2 h on/2 h off), Sah et al. [11] found an
increase in PG release q 125%, while van Kampen
and colleagues [12–14] could find no change in PG
release for up to 7 days of loading (1 MPa stress)
at a much higher frequency (1.5 s on/1.5 s off). In
our tests, a continuous cyclic load applied for 24 h
(1 MPa at 1 Hz) resulted in a 70–75% decrease in
PG release.
These reported differences in PG release can be
explained by differences in the loading platens
(impermeable vs. permeable) and regime (intermit-
tent on/off vs. continuously cyclic), and the rate
and frequency of loading. This is illustrated
schematically in Fig. 7. Slow frequency intermit-
tent loading will compress the tissue and cause a
large exudation of interstitial fluid (convection)
during the early part of the compression phase
( 0 15 min), resulting in a concomitant increase in
PG release compared to that in free swelling tissue,
where release is due only to diffusion. In addition,
PG transport can only occur through the speci-
men’s sides while in free swelling tissue all
surfaces are open to diffusion. After the initial
fluid exudation phase, fluid flow will eventually
stop, the matrix will become compacted, and the
lateral surface area will become reduced. PG
diffusivity will therefore be less than in free
swelling tissue. However, during the unloading
phase the PG diffusivity will be similar to free
swelling tissue if the impermeable platen is lifted
off the specimen’s surface, but less if it is allowed
to remain touching the surface to block PG release.
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Fig. 7. Schematic representation of how mechanical tissue deformation affects PG release during static, intermittent
cyclic and continuous cyclic loading. (a) PG release as reported by Sah et al. [11] for intermittent loading of 2 h on/2 h
off for 24 h using an impermeable load platen. Static loading causes an initial large exudation of fluid and PG release
from the sides of the specimen (15 min), followed by an interval of no flow, reduced surface area, and inhibited PG
release (15 min to 2 h). Load removal will either reduce or return the PG release to that in free swelling specimens,
depending on whether the platen touches or is removed from the specimen’s surface, respectively. (b) PG release as
measured in our study for 24 h of continuous cyclic loading at 1 Hz. The RMS static component will cause a similar
response as described above, but with fluid exudation and PG release through the top and sides of the specimen. The
faster 1 Hz cyclic component will result in a much smaller fluid exudation/imbibition and PG release. In both diagrams,
the change in PG release due to loading, relative to the free swelling release, is the net sum of the increases and
decreases in PG release over the 24 h interval.
This assumes, of course, that little or no PGs are
dragged back into the matrix as it expands. Thus,
net PG release will depend on the intermittent
loading frequency (on/off). If PG release during
fluid exudation is significantly greater than during
the no flow and unloading periods, then net PG
release will be greater than in free swelling tissue.
Sah et al. (1991) found an increase in PG release
when the fluid exudation was 12.5% of the 2 h
loading phase but a decrease in release when it was
only 2.1% (12 h loading).
Van Kampen and colleagues [12–14] failure to
find a change in PG release in loaded intact
cartilage is probably due to their use of an
impermeable and conforming load platen, and a
higher intermittent frequency (0.3 Hz). Minimal
fluid exudation occurs for short loading times (on
the order of seconds), while an impermeable platen
will restrict flow across the articular surface. In
addition, uncovering the surface during the
unloading phase allows the tissue to recover its
deformation, such that net tissue deformation and
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fluid exudation is probably negligible (data not
reported). Why PG removal (10 and 36%) should
increase PG release due to loading is unclear (5.6
and 20.5%, respectively), but may be due to
enhanced PG mobility in the matrix (free swelling
tissue also had increased PG release of 17.7 and
43.3%, respectively).
Our finding of reduced PG release with
continuous cyclic loading is similar to that found
by Sah et al. [11] for 12 h of static loading, and
consistent with our loading configuration and the
mechanical mechanisms controlling fluid flow and
tissue deformation [20–24]. Our continuous cyclic
loading can be separated into two components, a
1 Hz cyclic component superimposed onto an
average static component (root-mean-square or
RMS) (Fig. 7). The cyclic component will produce
fluid exudation and imbibition on each cycle, but
this will be small because of the short loading and
unloading time, respectively. However, a net efflux
of fluid results at the end of each cycle
(exudation q imbibition) until the matrix com-
presses to an equilibrium thickness ( 0 30 min) due
to the RMS static load, after which the net flux is
zero (exudation = imbibition). Therefore, the great-
est PG release will occur in the initial time period
from both the cyclic and static components
( 0 30 min). Thereafter, PG release will decrease as
the matrix compacts, causing PG entrapment and
surface area reduction (superficial zone collapse
and lateral sides). If the loading time is sufficiently
long, as with our 24 h and Sah et al.’s 12 h static
tests, the net PG release will be less than that in
free swelling specimens. While we did not do
shorter-time tests, we would predict that times
similar to those used by Sah et al. [11] would
reverse the net release results.
Furthermore, theoretical models indicate that a
continuous cyclic load will cause greater matrix
deformation and circulation of interstitial fluid
within the superficial zone as compared to the deep
zones [24]. These models also predict that as the
frequency of loading increases (:1 Hz) matrix
deformation will become smaller and more localized
within the superficial zone (uppermost 20%). Thus,
cyclic interstitial fluid exchange across the
articular surface (exudation–imbibition) will be
minimized and localized at the articular surface,
where the PG content is lowest [1]. The cumulative
temporal PG release should therefore be less with a
higher frequency continuous cyclic load as
compared to a lower frequency continuous cyclic,
intermittent cyclic, or static load. This mechanism
is consistent with our experimental findings.
Finally, it is interesting to compare PG
biosynthesis and release. Intermittent loading of
low frequency stimulates both PG biosynthesis and
release [11,13,25–29], while continuous cyclic
loading at a typical walking frequency inhibits
both biosynthesis and release [15,30]. Unfortu-
nately, the exact mechanism responsible for the
interaction between chondrocyte metabolism and
mechanical forces is not well understood. Our re-
sults indicate that in normal cartilage the imposed
mechanical conditions can change the rate of PG
release, and it may be that the chondrocytes
respond to the changes in PG release by adjusting
their metabolic activity accordingly. Should the
mechanical conditions become excessive or abnor-
mal, or the tissue structure damaged by trauma,
the chondrocytes may be unable to respond
sufficiently to balance the changes in PG
release. This would, of course, lead to cartilage
degeneration unless the mechanical conditions or
structural damage could be reversed.
To summarize our findings, we found that a
continuously applied cyclic mechanical load
reduced PG release from articular cartilage. Based
on our results and that of other investigators
[11,12,15], we postulate that the mechanism is
solely a mechanical one, independent of cellular
metabolism. Our data indicate that loading mature
cartilage will result in matrix compaction, effec-
tively reducing net surface area and matrix
porosity and entrapping the PGs within the
compacted matrix.
Acknowledgments
This work was supported by grants from the National
Institutes of Health (AR38520), the New York Chapter of
the Arthritis Foundation, and the Institute for Sports
Medicine Research. The authors would like to acknowl-
edge the assistance of Teresa Morales, Ph.D. for advice
on enzyme inhibitors, A. John Tsarist and Peter Hasapls
for help in proteoglycan analysis, and Cory Brayton,
D.V.M. for editorial comments.
References
1. Maroudas A, Venn M. Chemical composition and
swelling of normal and oesteoarthritic femoral
head cartilage. II. Swelling. Ann. Rheum. Dis.
1977;36:399–406.
2. Poole AR. Proteoglycans in health and disease:
structures and functions. Biochem. J. 1986;236:
1–14.
3. Stefanovic-Racic M, Morales TI, Taskiran D,
McIntyre LA, Evans CH. The role of nitric oxide
in proteoglycan turnover by bovine articular
cartilage organ cultures. J. Immunology.
1996;156:1213–20.
4. Fulkerson JP, Ladenbauer-Bellis I-M, Chrisman OD.
In vitro hexosamine depletion of intact articular
cartilage by e-prostaglandins. Arth. Rheum.
1979;22:1117–21.
Torzilli and Grigiene: Continuous cyclic load reduces proteoglycan release268
5. Torzilli PA, Tehrany AM, Grigiene R, Young E.
Effects of misoprostol and prostaglandin E2 on
proteoglycan biosynthesis and loss in unloaded
and loaded articular cartilage explants. Prosta-
glandins. 1996;52:157–73.
6. Jurvelin J, Kiviranta I, Tammi M, Helminen JH.
Softening in canine articular cartilage after
immobilization of the knee joint. Clin. Orthop. Rel.
Res. 1986;207:246–52.
7. Oettmeier R, Arokoski J, Roth AJ, Abendroth K,
Jurvelin J, Tammi M, et al. Subchondral bone and
articular cartilage responses to long distance
running training (40 km per day) in the beagle
knee joint. Eur. J. Exp. Musculoskeletal Res.
1993;1:145–54.
8. Carney SL, Billingham MEJ, Muir H, Sandy
JD. Demonstration of increased proteoglycan
turnover in cartilage explants from dogs with
experimental osteoarthritis. J. Orthop. Res.
1984;2:201–6.
9. Armstrong SJ, Read RA, Ghosh P, Wilson DM.
Moderate exercise exacerbates the osteoarthritic
lesions produced in cartilage by meniscectomy: a
morphological study. Osteoarthritis Cart. 1993;
1:89–96.
10. McDevitt CA, Billington MEJ, Muir H. In-vivo
metabolism of proteoglycans in experimental
osteoarthritic and normal canine articular carti-
lage and the intervertebral disc. Arth. Rheum.
1981;10:17–18.
11. Sah RL-Y, Doong JY, Grodzinsky AJ, Plaas AHK,
Sandy JD. Effects of compression on loss of newly
synthesized proteoglycans and proteins from
cartilage explants. Arch. Biochem. Biophys. 1991;
286:20–29.
12. Von den Hoff HW, Van Kampen GPJ, Van der Korst
JF. Proteoglycan depletion of intact articular
cartilage by retinoic acid is irreversible and
involves loss of hyaluronate. Osteoarthritis Cart.
1993;1:157–66.
13. Korver THV, van de Stadt RJ, Kiljan E, van Kampen
GPJ, van der Korst JK. Effects of loading on
synthesis of proteoglycans in different layers of
anatomically intact articular cartilage in vitro. J.
Rheumat. 1992;19:905–12.
14. Ostendorf RH, van de Stadt RJ, van Kampen GPJ.
Intermittent loading induces the expression of
3-B-3(-) epitope in cultured bovine articular
cartilage. J. Rheumat. 1994;21:287–92.
15. Torzilli PA, Grigiene R, Huang C, Friedman SM,
Doty SB, Boskey AL, Lust G. Characterization of
cartilage metabolic response to static and dynamic
stress using a mechanical explant test system. J.
Biomech. 1997;30:1–9.
16. Torzilli PA, Arduino JM, Gregory JD, Bansal M.
Effect of Proteoglycan Removal on Solute Mobility
in Articular Cartilage. J. Biomech. 1997;30:
895–902.
17. Miller RG. Simultaneous Statistical Inference. New
York: Springer-Verlag 1981.
18. Arnoczky SP, Torzilli PA. The biology of cartilage.
In: Rehabilitation of the Injured Knee. Hunter LY,
Funke FJ eds. New York: CV Mosby 1984,
pp. 148–209.
19. Schinagl RM, Gurskis D, Chen AC, Sah RL.
Depth-dependent confined compression modulus
of full-thickness bovine articular cartilage. J.
Orthop. Res. 1997;15:499–506.
20. Torzilli PA. Mechanical response of articular
cartilage to an oscillating load. Mech. Res. Comm.
1984;11:75–82.
21. Torzilli PA, Dethmers DA, Rose DE. Movement of
interstitial water through loaded articular carti-
lage. J. Biomech. 1983;16:169–79.
22. Lai WM, Mow VC. Drag-induced compression of
articular cartilage during a permeation exper-
iment. Biorheology. 1980;17:111–23.
23. Mow VC, Holmes MH, Lai WM. Influence of loading
bearing on the fluid transport and mechanical
properties of articular cartilage. In: Joint Load-
ing—Biology and health of articular structures.
Helminen HJ, Kiviranta I, Tammi M, et al. eds.
Bristol: Wright. 1987; pp. 264–86.
24. Suh J-K, Li A, Woo SL-Y. Dynamic behavior of a
biphasic cartilage model under cyclic compressive
loading. J. Biomech. 1995;28:357–364.
25. Sah RL-Y, Kim Y-J, Doong J-YH, Grodzinsky AJ,
Plaas AHK, Sandy JD. Biosynthetic response of
cartilage explants to dynamic compression. J.
Orthop. Res. 1989;7:619–136.
26. Sah RL-Y, Grodzinsky AJ, Plaas AHK, Sandy JD.
Effects of static and dynamic compression on
matrix metabolism in cartilage explants. In:
Articular Cartilage and Osteoarthritis. Kuettner
K ed. New York: Raven Press. 1992, pp. 373–90.
27. Buschmann MD, Gluzband VA, Grodzinsky AJ,
Hunziker EB. Mechanical compression modulates
matrix biosynthesis in chondrocyte/agarose cul-
ture. J. Cell Sci. 1995;108:1497–1508.
28. Farquhar T, Mann K, Bertram J, Burton-Wurster N,
Jelinski L, Lust G. Swelling and fibronectin
accumulation in articular cartilage explants after
cyclic impact. J. Orthop. Res. 1996;14:417–23.
29. Korver GHV, van de Stadt RJ, van Kampen GPJ,
Kiljan E, van der Korst JK. Bovine sesamoid
bones: a culture system for anatomically intact
articular cartilage. In: Vivo Cell Devel. Biol.
1989;25:1099–1106.
30. Steinmeyer J, Torzilli PA, Burton-Wurster N, Lust
G. A new pressure chamber to study the biosyn-
thetic response of articular cartilage to mechan-
ical loading. Res. Exp. Med. 1993;193:137–42.
